A method for predicting the traffic-load-induced settlement of road on soft subsoil with a low embankment is proposed. The traffic-load-induced dynamic stress in subsoil is calculated by the multilayer elastic theory ͑not covered in this paper͒. Then the plastic vertical strain in subsoil is calculated by an empirical equation, in which constants are related to the physical and mechanical properties of subsoil.
Introduction
For a road with a low embankment ͑less than 3.0-m high͒ constructed on soft subsoil, the permanent deformation of the subsoil due to traffic load is one of the important factors which controls the design life as well as the maintenance cost of the road. To select a cost-effective design, it is desirable to predict the trafficload-induced time-dependent settlement. Several factors affect the traffic-load-induced deformation, namely, ͑1͒ the strength and deformation characteristics of soft subsoil, ͑2͒ the properties of pavement, subbase, and subgrade of a road, and ͑3͒ the magnitude and number of applications of traffic load. In this paper, subbase means the gravel or treated soil layer under pavement, subgrade means the compacted soil layer below the subbase of a road, and subsoil means the natural soil below a road embankment. The term embankment includes all soil layers above natural ground surface. Any useful settlement prediction method should consider the above-mentioned factors directly or indirectly. The existing methods can be divided into three groups: ͑1͒ numerical methods; ͑2͒ equivalent static loading methods; and ͑3͒ empirical equations.
Theoretically, explicit simulation of the response of subsoil under repeated load is preferable. A method proposed by Hyodo et al. ͑1996͒ combines dynamic numerical analysis ͑two dimensional͒ and dynamic triaxial test results to predict the traffic-loadinduced deformation. However, the methods of explicit simulation are difficult to use in engineering practice. The response of subsoil under traffic load is a three-dimensional ͑3D͒ problem and the number of load applications is extremely large. Furthermore, a considerable number of soil parameters are needed for the analysis.
Kutara et al. ͑1980͒ proposed a design method, in which an equivalent static load represents the traffic load, and a onedimensional consolidation theory was used to predict the settlement. Although this method is simple, both the 3D traffic load transfer mechanism and the mechanism of repeated load-induced settlement are not taken into consideration. Based on field measurement, Fujikawa et al. ͑1996͒ proposed a method to estimate the distribution of traffic-load-induced consolidation settlement in the subsoil. In the method by Fujikawa et al. a triangular distribution pattern of traffic-load-induced stress increments is assumed, i.e., maximum at ground surface and linearly decreased to zero at a depth of influence. This method is better than the proposal by Kutara et al. However , the traffic-load-induced stress is not calculated explicitly, the properties of pavement, subbase, and subgrade, and the behavior of subsoil under repeated load are not considered.
A number of empirical equations have been proposed to predict the permanent deformation of cohesive soil under repeated load. Among them, the power equation proposed by Monismith et al. ͑1975͒ has been widely used. Li and Selig ͑1996͒ proposed a method to determine the constants in the power equation, in which the magnitude of traffic-load applications, and the strength of subsoil are directly included in the equation, and the physical state of subsoil is considered indirectly. Li and Selig ͑1998͒ showed some successful applications of the equation to predict the settlement of cohesive soils under train loading. The values of the constants suggested by Li and Selig seem to be applicable to compacted cohesive soils but may be less suitable for natural clay deposit. Also, the effect of initial static deviator stress in subsoil is not considered.
A new empirical equation is proposed in this study to calculate the permanent settlement of road on soft subsoil with a low embankment. The method considers the effects of ͑1͒ initial static deviator stress; ͑2͒ the magnitude and the number of applications of traffic load; and ͑3͒ the strength and compression characteristics of subsoil. The constants used in the equation are related to physical and mechanical properties of subsoil, such as the plasticity index and the compression index. Application of the proposed equation to three different case histories in Saga, Japan, is described. The calculated values are compared with measured data. Discussions are presented on the validity of the proposed method as well as the effect of subbase and subgrade properties on traffic-load-induced permanent deformation of soft subsoil.
New Empirical Equation

Brief Review of Li and Selig's Method (1996)
The commonly used power equation for calculating the cumulative plastic strain of cohesive soils under repeated loading is as follows ͑Monismith et al. 1975͒:
where p ϭcumulative plastic strain ͑%͒; Nϭnumber of repeated load applications; and A and bϭconstants. Li and Selig ͑1996͒ proposed an equation for calculating A as
where q d ϭtraffic-load-induced dynamic deviator stress; q f ϭstatic failure deviator stress of soil; and a and mϭconstants. Three constants a, b, and m are related to the plasticity index of subsoil and the suggested values are as in Table 1 ͑Li and Selig 1996͒.
Newly Proposed Empirical Equation
It is commonly accepted that when dynamic deviator stress exceeds a critical level ͑dynamic strength͒, plastic strain increases rapidly with repeated loading. Also, under repeated load, the response of a normally consolidated soil is different from that of an overconsolidated soil. Assuming that the shear stress acting in soil is below the dynamic strength of the soil ͑not a failure problem͒, and soft subsoil is in a normal-to-slightly overconsolidated state, then, considering the effect of initial static deviator stress, a new empirical equation for calculating the cumulative plastic strain of soft cohesive soil under repeated loading is proposed as
where q s ϭinitial static deviator stress and nϭa constant. The other parameters are as defined previously. Eq. ͑3͒ has four constants: a, b, m, and n. • Hand calculation. After embankment construction ͑assume the consolidation is finished͒, the vertical stress in the subsoil is calculated as:
Term ⌺␥ i h i ϭeffective stress due to the gravity force of subsoil ͑below water level, buoyancy unit weight should be used͒, and the term ⌬ v Јϭembankment-load-induced stress increment which can be estimated by Osterberg's ͑1957͒ method. For calculating the horizontal stress, the following equation is suggested to estimate the horizontal earth pressure coefficient, K o ͑Mayne and Kulhawy 1982͒.
where Јϭinternal friction angle of subsoil. At present, the effect of compaction ͑road construction͒ on initial stress is not considered. Generally, compaction will increase the horizontal earth pressure coefficient. Further researches, especially the field measurements, are needed for incorporating compaction effect. 4. Constants b and m. At present, the values suggested by Li and Selig ͑1996͒ are recommended ͑Table 1͒. The parameter b controls the increment rate of plastic strain with the number of repeated load applications. Li and Selig ͑1996͒ showed that b is not sensitive to the magnitude of dynamic deviator stress. It is mainly influenced by soil type. The parameter m influences both the magnitude and distribution of plastic strain with depth. Since q d /q f is less than 1.0, the larger the m value, the faster decrease of p with depth. 5. Constant a. The parameter a influences the magnitude of plastic strain. The traffic-load-induced deformation mainly consists of two parts, namely, dynamic consolidation and shear deformation. The amount of dynamic consolidation deformation is directly related to the compression index (C c ) of soil. Also, C c is one of the parameters affecting the magnitude of shear deformation. Therefore, it is rational to relate a with the compression index (C c ) of subsoil.
aϭ␣C c . (7) where ␣ϭconstant. For the cases studied in this paper, ␣ ϭ8.0 was back calculated. The values of a suggested by Li and Selig ͑1996͒ are 0.64 to 1.2 ͑Table 1͒. If using ␣ of 8.0, C c of 0.08 to 0.15 can be estimated. Although Li and Selig ͑1996͒ did not report the values of C c , for compacted clayey soil, a C c of 0.08 to 0.15 seems possible. 6. Constant n. Most laboratory dynamic triaxial tests on the effect of initial static deviator stress were conducted for the purpose of evaluating earthquake response. Therefore, a relatively larger dynamic deviator stress had been used. Samang ͑1997͒ conducted a series of dynamic triaxial tests on undisturbed Ariake clays, Saga, Japan, under undrained condition. Ariake clay No. 1 had a liquid limit of about 58 to 76% and a plasticity index of 32 to 45. Clay content ͑Ͻ5 m͒ was 41 to 64%. Ariake clay No. 2 had a liquid limit of 86% and a plasticity index of 48. Clay content was 61%. Samang's data were replotted in Fig. 2 for 20 load application cycles. For both clay samples, p increased almost linearly with normalized initial static deviator stress (q s /2p c Ј). In the figure, q s ϭ 1o Ј Ϫ 3o Ј and p c Јϭ( 1o Ј ϩ2 3o Ј )/3, and 1o Ј and 3o Ј are initial major and minor principal stresses. Nonlinearity between 
Analyses of Three Different Case Histories
Around Ariake Sea, Kyushu, Japan, a soft clay deposit is widely distributed with a thickness varied between 10 and 30 m. Several highways had been constructed on this soft deposit. To investigate the mechanism and the amount of traffic-load-induced deformation, field full-scale tests as well as long-term monitoring had been conducted. Three different case histories, ͑1͒ Saga airport road, ͑2͒ a test section at one of Saga prefecture roads, and ͑3͒ Saga bypass, national road No. 34 have been selected and analyzed by the proposed method. In the analyses, only trucks were considered. This is because that comparing with the weight of trucks, the weight of passenger cars is 1/10 to 1/30 of heavy trucks. Then according to Eq. ͑3͒, the effect of a passenger car on the permanent deformation of a road will be about 1/100 to 1/900 of that of a heavy truck. Another factor is that there are many types of trucks, and the number of axle and the distance between the axle are different. For simplicity, a load distribution pattern as shown in Fig. 3 was adopted. According to the Japanese standard, the rear supports 80% and the front axle supports 20% of the total load ͑Uchida 1988͒. For the cases analyzed, the adopted values of constants in Eq. ͑3͒ were ␣ϭ8.0 Eq. ͑7͒ ͑back-calculated value͒, bϭ0.18, mϭ2.0, and nϭ1.0.
Case 1: Saga Airport Road
Description of Saga Airport Road Saga airport road was constructed from 1990 to 1992 with a total length of 9 km. At the site, there is about 20-m-thick highly compressible and highly sensitive Ariake clay. The total thickness of the road embankment was about 1.1 m, as shown in Fig. 4 , the material for subgrade was decomposed granite ͑it is called masado in Japan͒. The total width of the road is 20 m, in which 11 m ͑two lanes͒ for traffic and 4.5 m on each side as the sidewalk.
This road is the main access road from Saga city to Saga airport. It was used for transporting construction materials ͑fill materials and others͒ during the airport construction. Settlements were monitored for more than four years ͑started at the end of construction͒. Besides the survey along the road, three monitoring sections ͑Ap-A, Ap-B, and Ap-C͒ were selected for detailed investigations. At each monitoring section, a point about 50 m away from the toe of the road embankment was used as a reference point. The measured settlement means the elevation difference between the measuring point and the reference point. The subsoil profile and the index properties at three monitoring sections are given in Fig. 5 . In the figure, A c means alluvial clay, and A s means alluvial sand.
Since the embankment was relatively low, there were no detailed construction records. Only the start and the finish times are known ͑except the start time of section Ap-C͒. Based on the report of Civil Engineering Department, Saga Prefecture ͑1997͒, the construction history and the time of the beginning of traffic are summarized in Table 2 . The road was partially overlaid several times, and on April 15, 1994, the whole road was overlaid with an asphalt concrete layer about 0.1-m thick. In analysis, only the overlay made on April 15, 1994 was simulated. 
Embankment-Load-Induced Settlement
For this case, there were considerable fill-load-induced consolidation settlements even after the start of traffic. The fill-loadinduced consolidation settlements were simulated by FEM. In analysis, a uniform loading rate during the construction-period was assumed. The soft subsoil was modeled by the modified Cam clay model ͑Roscoe and Burland 1968͒. Based on site investigation results, the adopted input parameters are listed in Table 3 . The results of 2D FE analyses were also used for estimating the static deviator stress (q s ) in subsoil, which was used in Eq. ͑3͒.
Traffic-Load-Induced Settlement
During the airport construction, the main traffic was construction trucks. The traffic intensity of heavy trucks was about 400 trucks/ day ͑one way͒. Section Ap-C was first constructed ͑Table 2͒ and it was used as an access road for other parts. There was no traffic intensity record during the road construction period. In the analysis, a traffic intensity of 40 trucks/day ͑one way͒ was assumed for section Ap-C before the whole road opened to traffic. For this case, only the trucks going to the airport direction were loaded, one-way traffic was used in calculation. The average weight of the trucks was estimated as 200 kN/truck. The equivalent radii of tire/road contact area are 120 mm for the front wheels and 250 mm for the back wheels ͑double wheels͒ ͑Fig. 1͒. For calculating the traffic-load-induced stress increment, the adopted Young's modulus ͑E͒ for each layer is listed in Table 4 . Poisson's ratios adopted were 0.2 for pavement and subbase, 0.25 for subgrade, and 0.4 for soft subsoil. Note, for the soft subsoils, an undrained Poisson's ratio of 0.4 is larger than the value used for coupled FE analysis ͑Table 3͒. The calculated deviator stresses (q s and q d ) and undrained strength (S u ) variations with depth for section Ap-A are given in Table 5 as an example. The data in Table 5 shows that q s /(2S u ) value in the upper subsoil is about 0.6. From Eq. ͑3͒, the predicted permanent settlements of considering the effect of initial static deviator stress will be about 1.6 times of that not considering. The calculated settlement-time curves are compared with measured data in Figs. 6 -8 for sections Ap-A, Ap-B, and Ap-C, respectively. The calculated results are the sum of the embankmentload-induced settlement and the traffic-load-induced settlement. The field measurement was started at the end of construction. In the figures, the simulated settlement at the end of construction has been added to the measured data.
The measured data include deformations of pavement, subbase, subgrade, and soft subsoil. However, since the stiffnesses of pavement, subbase, and compacted subgrade are much higher than soft subsoil, and for the cases investigated, the measurements showed that there were no obvious ruts on the roads, we consider that the measured surface permanent settlement was from the natural soft subsoil. To illustrate this factor, the measured crossroad surface settlement profile for section Ap-A is shown in Fig.  9 . Note that the data in Figs. 6 -8 were permanent surface settlements at the center of the road and measured from the end of construction ͑March 21, 1992͒, but the crossroad surface settlement was measured from May 16, 1992 ͑56 days after the end of construction͒. Within those 56 days, permanent surface settlement at the center of the road was 38 mm.
Comparing the simulated settlements with measured data, the following remarks can be made: 1. Since the thicknesses of the embankments and the upper subsoil conditions are not significantly different among Ap-A, Ap-B, and Ap-C, the predicted traffic-loadinducedsettlements are 197 to 225 mm. The analysis predicted the settlement at section Ap-B well, and fair for sections Ap-A and Ap-C. For section Ap-C, although the calculation underestimated the total settlement, after the start of traffic, the predicted settlement increments are in agreement with the measured ones. 2. The measurement at section Ap-A showed an increased settlement rate after the road was overlaid ͑April 15, 1994͒. For this road, the embankment thickness was only about 1.1 m and the construction trucks were heavy. The calculation showed that the (q s ϩq d )/q f ratio at the surface of subsoil is close to 1.0 ͑Table 5͒. There is a possibility of failure in surface soft layer. This reasoning may partially explain the increased settlement rate of section Ap-A. It is worth emphasizing here again that the proposed method is only applicable for the case where the stress state in soft subsoil is below failure state. Fig. 10 shows calculated traffic-load-induced plastic strain distribution with the depth of section Ap-A at one year after open to traffic. The traffic-load-induced strain is reduced very fast in the upper 2 m, and the significant influence depth is about 6.0 m.
Distribution of Traffic-Load-Induced Plastic Strain with Depth
Case 2: Test Section at One of Saga Prefecture Roads
Description of Test Section
In 1995, a 1.0-km-long test section was constructed at the Saga prefecture road, the Sohohzu-Morodomi line, Saga, Japan. Average embankment thickness at the test section was about 0.75 m ͑Civil Engineering Department, Saga Prefecture 1996͒. The total width of the test section is 10 m, in which 7.6 m for traffic and 2.4 m for sidewalk. The test section was divided into 11 subsections and several construction methods were tested. The methods include ͑1͒ surface lime treatment; ͑2͒ surface cement treatment; ͑3͒ lightweight fill material; ͑4͒ geogrid reinforcement; and ͑5͒ soilcement column improvement of the subsoil. Among 11 subsections, four of them are discussed in this paper. The cross sections of these four subsections are illustrated in Fig. 11 . A typical subsoil profile at the site is shown in Fig. 12 together with some physical properties of the subsoils. In the figure, H c means Hasuike nonmarine clay deposit. The compression index C c of the clay layers is about 0.8 to 1.0 for the upper layer (A cl ) and 1.0 to 1.5 for the lower layers (A c2 and A c3 ) ͑Civil Engineering Department, Saga Prefecture 1996͒. Calculating Traffic-Load-Induced Settlement The construction period was about two months for the sections considered. About four months after completion, the road was opened to traffic. The settlements were measured from the end of construction. Since the upper subsoil was in a lightly overconsolidated state, field measurement together with finite-element analysis revealed that the settlement due to 0.75 m embankment loading ͑about 70 mm͒ was almost finished before the road was opened to traffic. In the following analysis, it is considered that the measured settlement after the road was opened to traffic was caused by traffic load only. The total traffic intensity was about 2,500 cars/day ͑two ways͒ and most of them were passenger cars. The trucks were about 6% of total traffics ͑150 trucks/day͒. Since the road is relatively narrow, the two-way traffic was used for calculating the traffic-load-induced permanent deformation. The trucks that passed this road were mainly lightweighted ones, and heavy trucks were very rare. In the analysis, it was assumed that the average weight of the truck was 100 kN truck and equivalent radii of tire/road contact areas are 200 mm for the back tires ͑double wheels͒ and 100 mm for the front tires ͑Fig. 1͒. For analyzing the traffic-load-induced stress in subsoil, the adopted Young's modulus ͑E͒ and thickness ͑H͒ of each layer are summarized in Table 6 . Poisson's ratios used were the same as for Case 1. The modulus for cement-treated layers was estimated as 100 times of unconfined compression strength (q u ) ͑Kitazume 1996͒.
The modulus for natural subsoil was assumed to be about 200 times the undrained shear strength (S u ) ͑Fujikawa 1996͒. For the four subsections considered, the calculated dynamic deviator stresses were 3 to 5 kPa ͑about 9.3 kPa for section Ap-A, Case 1, Table 5͒ just below the subgrade, and reduced to about 1.0 kPa at about 6 m depth.
Traffic-Load-Induced Settlement
The calculated traffic-load-induced settlements are compared with measured data in Figs. 13 and 14. The calculation predicted the field data reasonably well. In Fig. 13 , cement-treatment ͑CM͒ and cement treatment and soil-cement column ͑CS͒ subsections ͑see Fig. 11͒ are compared, which had different depth of improvement. For the CS subsection, soil-cement columns ͑36% replacement ratio by area͒ improved the upper subsoil. Dynamic deviator stress below the columns was small and the traffic-load-induced settlement was much smaller than the CM subsection. In Fig. 14 , expansive cement treatment with glass grid ͑ECM͒ and cement treatment and glass grid ͑CMG͒ subsections ͑see Fig. 11͒ are compared. For these two subsections, the strength and stiffness of the cement-treated layer were different, and the CMG subsection had a lower strength and stiffness. Settlement of the CMG subsection was more than twice that of the expansive cement treatment and glass grid ECM subsection. This case history indicates that an increase in the thickness and stiffness of the subgrade is efficient for reducing traffic-load-induced permanent settlement of soft subsoil.
Distribution of Traffic-Load-Induced Plastic Strain with Depth
The calculated plastic strain distribution with depth is depicted in Fig. 15 for one year after opened to traffic conditions. It indicates that for the case considered, the significant influence depth of traffic load is about 6 m below the base of the embankment. Also, the plastic strain reduced very quickly within the upper 2 m. Comparison of Figs. 15 and 10 shows that the calculated perma- Later it was expanded to four lanes. The road was designed for level ''D'' traffic ͑number of heavy trucks passing Ͼ3,000/day, two ways͒. In 1993 ͑20 years after opened to traffic͒, to investigate the influence depth of traffic load and the magnitude of traffic-load-induced settlement, at the Saga bypass, National Road No. 34, soil samples directly under the road ͑earlier two lanes͒, named R samples, and at points 20 m away from the toe of the road, named N samples, were obtained. Void ratio ͑e͒, compression index (C c ), and undrained shear strength (S u ) of the samples were measured. N samples were considered as without experiencing the influence of the road embankment and the traffic load. Comparing void ratio difference between N samples and R samples at corresponding depth, total settlement was estimated ͑the settlement due to lateral displacement was ignored͒. Then, subtracting calculated embankment-load-induced consolidation settlement from the total settlement, the traffic-load-induced settlement was evaluated ͑Fujikawa et al. 1996͒. In the calculation, the embankment-loadinduced stress increments in the subsoil were calculated by Osterberg's ͑1957͒ method. Soil profiles as well as index properties at sections from R34A to R34F are given in Figs sites, a compression index C c of 0.8 was assumed for the surface crust. For R34B, R34E, and R34F sections ͓Figs. 16͑a͒ and 16͑b͔͒, there is a loose sand layer within the significant influence depth of the traffic load, a compression index C c , of 0.3 was assumed for this sand layer.
The thicknesses of the road embankments at the investigation points were 1.6 to 2.7 m. Fig. 17 shows a typical cross section of the road. For calculating static deviator stress, the embankment top width of 24 m and slope of 1:1.5 ͑V:H͒ were used, and an earth pressure coefficient, K o ϭ0.5 was assumed. To be consistent with the analysis of Fujikawa et al., for this case, the stress increment in subsoil due to the embankment load was estimated by Osterberg's ͑1957͒ method.
Calculating Traffic-Load-Induced Settlement
Traffic survey results ͑two ways͒ are given in Table 7 ͑Road Division, Civil Engineering Department, Saga Prefecture 1995͒. 24 hour traffics were estimated as 1.4 times of the counted number of traffics within 12 hours from 7 a.m. to 7 p.m. ͑Uchida 1988͒. Heavy trucks includes buses and heavy trucks. The average weight of heavy trucks was assumed as 200 kN/truck. For this case, the road is wide and one-way traffic ͑2,671 trucks/day͒ was used in calculation. The adopted Young's modulus and Poisson's ratios were similar to those of Case 1. For the subgrade, a CBR value of larger than 10% was required during construction. Based on this limited information, Young's modulus, Eϭ30,000 kPa, was assumed for the subgrade. Table 8 lists evaluated settlements by Fujikawa et al. ͑1996͒ ͑will be referred to as field data later͒ and the calculated traffic-loadinduced settlements ͑20 years after opened to traffic͒ from this study. Except section R34A, the calculated traffic-load-induced settlements are roughly in agreement with the field data. Since the adopted parameters for calculating the traffic-load-induced stress in subsoil do not differ much for sections R34A through R34F, the difference on calculated results is mainly due to the difference on embankment thickness.
Comparing Calculated Values with Field Data
Conclusions
An empirical method for predicting traffic-load-induced permanent deformation of a road on soft subsoil with a low embankment is proposed. The method considers the magnitude and the number of traffic load applications, multilayer ground conditions, and the strength and compression characteristics of soft subsoil.
The method was applied to analyze three different case histories in Saga, Japan, which had different road structures, traffic intensity, and the elapsed time after the initiation of traffic. Comparisons of the calculated results with the field measurements indicate that the proposed method predicted the field results reasonably well. The method can be used to predict the traffic-loadinduced permanent deformation and to calibrate the design of the road on soft subsoil with a low embankment. The analysis also revealed the following two points: ͑1͒ for the cases investigated, the significant influence depth of traffic load is about 6 m below the base of the embankments; and ͑2͒ embankment thickness is one of the most important factors controlling the traffic-loadinduced permanent settlement of soft subsoil. 
